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INTRODUCTION
Nd, Pb and Sr isotope data from carbonatites have now been shown to be effective in monitoring the nature and the temporal evolution of the subcontinental mantle (e.g. Bell & Blenkinsop, 1987a , 1987 Nelson et al., 1988; Tilton & Bell, 1994) . In addition, recent studies of mantle xenoliths and highpressure experiments have demonstrated that carbonatite melts may be important metasomatic agents within the mantle (e.g. Dalton & Wood, 1993; Rudnick et al., 1993) . With their unusual chemistries (Woolley & Kempe, 1989) , extremely low viscosities (Dawson et al., 1990; Pinkerton et al., 1995) and low dihedral wetting angles, carbonatite melts have all the properties needed to bring about profound chemical changes in the upper mantle. Some of the major issues surrounding carbonatite genesis are: (1) whether carbonatites are primary or secondary magmas; and (2) whether the silicate rocks associated with carbonatites represent conjugate liquids resulting from immiscibility, or are the products of interaction between carbonatitic melts and mantle or crustal wall rocks. The origin of carbonatite melts remains a topic for debate, with some workers favouring magmatic differentiation, including immiscible separation from a carbonated, parental silicate magma (Kjarsgaard & Hamilton, 1989; Church & Jones, 1995; Jones etal., 1995; Kjarsgaard et al., 1995) , whereas others advocate a primary mantle melt (Wallace & Green, 1988; Dal ton & Wood, 1993) . On the basis of phase equilibrium studies, Wallace & Green (1988) first proposed the idea of a 'primary' sodic, dolomitic carbonatite magma in equilibrium with an amphibole lherzolite assemblage. Although the carbonatite melt was considered sodic, it contained only 5-5 wt% Na 2 O. However, closed system fractionation of the primary melt could generate natrocarbonatites. Recent experiments by Sweeney et al. (1995) failed to duplicate these findings and showed that if dolomite, olivine and spinel crystallized from such a liquid to produce natrocarbonatite, then the primary melt would have to be more silicic, less FeO rich, and have a greater K/Na ratio than the primary liquid of Wallace & Green (1988) . Further experimental work by Dal ton & Wood (1993) demonstrated that it is, however, possible to produce parental melts similar to natrocarbonatites by low-pressure (<15 kbar) wallrock reaction between a primary calciocarbonate melt and fertile lherzolite.
As the only known active carbonatitic volcano, Oldoinyo Lengai plays a key role in unravelling the difficulties involved in understanding the evolution and genesis of carbonatitic magmas. Although a great deal of Nd, Pb and Sr isotope data is available from carbonatites from several continents, there are only a handful of case studies where carbonatites and their associated silicate rocks have been investigated involving all three isotope systems (e.g. Chilwa Island, Simonetti & Bell, 19944) . Samples from Oldoinyo Lengai provide an opportunity to establish a complete Nd-Pb-Sr isotope database for both carbonate and silicate rocks.
Oldoinyo Lengai
Situated within the eastern branch of the East African Rift Valley (Fig. 1 ) in northern Tanzania, the 2200 m cone of Oldoinyo Lengai is the youngest of a series of Neogene-Quaternary nephelinitephonolite-carbonatite volcanoes. The volcano consists mainly of nephelinitic and phonolitic ashes, tuffs and agglomerates with minor flows of nephelinite and natrocarbonatite; plutonic blocks occur within the pyroclastics and are mainly cumulates, including ijolite (roughly equal amounts of clinopyroxene and nepheline), jacupirangite (mainly clinopyroxene with some nepheline), nephelinite syenite and pyroxenite. Although in the literature the most recent eruptions of natrocarbonatite from Oldoinyo Lengai have been highlighted [see review by Bell & Keller (1995) ], there is evidence for earlier periods of carbonatitic activity (Dawson, 1962) .
The natrocarbonatite lavas from Oldoinyo Lengai are chemically different from all other known carbonatites, whether plutonic or volcanic, in containing large amounts of alkalis (up to 33 wt % Na2O and 5 wt % KjO). Other chemical characteristics unique to natrocarbonatites include: (1) extremely high Ba contents (> 10000 p.p.m.) and Ba/Sr> 10; (2) Nb < 110 p.p.m. and Zr <5 p.p.m.; (3) Mo and W abundances >90 p.p.m.; (4) Th/Ũ 10; (5) LREE concentrations >1000 times chondritic (Keller & Spettel, 1995; Simonetti et al., 1996i) . The unusual chemical composition of natrocarbonatite has been explained by crystal fractionation of a sovite parent magma (Gittins, 1989) , immiscible separation from a carbonated peralkaline nephelinite (Kjarsgaard etal., 1995) , and interaction between a silicate magma and Na-rich evaporite products such as trona or saline brine (Milton, 1968; Eugster, 1970) . Natrocarbonatites are now considered to represent the products of protracted magmatic fractionation rarely encountered in nature (Bell & Keller, 1995; Kjarsgaard etal., 1995) .
A considerable amount of Nd and Sr isotope data has been obtained in recent years from the natrocarbonatites from Oldoinyo Lengai, and to a lesser extent from related silicate rocks. Among the findings are: (1) the C, Nd, O and Sr isotope ratios are consistent with a mantle origin for the natrocarbonatites (Deines, 1989; Bell & Blenkinsop, 1989; Keller & Hoefs, 1995) ; (2) the Nd and Sr isotope compositions of the natrocarbonatites fall close to the intersection of bulk Earth and CHUR on an Nd-Sr isotope diagram (Bell & Blenkinsop, 1987a; Keller & Krafft, 1990; Simonetti et al., 1995a) ; (3) Nd and Sr isotope compositions of associated silicate flows and plutonic blocks are extremely variable (Bell & Dawson, 1995a) , spanning almost two-thirds of the East African Carbonatite Line (Bell & Blenkinsop, 1987a) , a line that mimics the 'LoNd' array of Hart et al. (1986) based on data from oceanic island basalts; (4) most lavas from Oldoinyo Lengai appear to have been produced by discrete melting events involving the mixing of the same two end-member source components (Bell & Dawson, 1995a) ; (5) the Pb isotope compositions from the natrocarbonatites fall close to or slighdy above the NHRL in both 
206T
Pbf^Pb plots (Williams et al., 1986; Simonetti et al., 1995a) ; (6) TJ-Th isotope disequilibrium studies suggest that segregation of the natrocarbonatite and eruption took place over an interval of 20-81 years (Williams et al., 1986; Pylc, 1995) .
A suite of ten natrocarbonatite samples collected in June 1993 was donated to us by C. Shrady. Included among these are samples from the Chaos Crags flow, a highly viscous spheroid-bearing natrocarbonatite flow with a viscosity similar to that of a rhyolite (Dawson et al., 1994) . The spheroids, decribed in detail by Dawson et al. (1994) , Church & Jones (1995) and Dawson et al. (1996) , are <2 mm in size, and most are porphyritic containing phenocrysts of nephcline, schorlomite-Ti-andradite,, garnet, hedenbergitic pyroxene and wollastonite, along with rare titanite and melilite. Many spheroids contain cores of single euhedral phenocrysts. The phenocrysts are set in a fine-grained matrix consisting of much smaller grains of the same minerals, plus pyrrhotite, perovskite, Ti-magnetite, melilite and peralkaline silicate glass. The mineralogy of the silicate spheroids is essentially that of a wollastonite nephelinite but they also contain minor, but ubiquitous, rounded or ovoid globules of natrocarbonatite.
The BD suite of samples, collected by J. B. Dawson, contains both volcanic and plutonic magmatic blocks and metasomatized rocks. The volcanic rocks are highly evolved olivine-free nephelinites and phonolites that represent samples of a gradational series, the detailed petrography, mineral chemistry and bulk chemistry of which has been given by Donaldson et al. (1987) . In general terms, the lavas are porphyritic, and consist of nepheline, aegirineaugite, Ti-andradite and in the phonolites, sanidine phenocrysts are set in a matrix of nepheline and aegirine microphenocrysts, apatite, pyrrhotite, wollastonite, glass (commonly palagonitized) and perovskite or titanite. The magmatic plutonic rocks, ranging from jacupirangite to ijolite, show cumulate textures and consist of varying proportions of clinopyroxene, nepheline, titano-magnetite, apatite, Tiandradite, perovskite and wollastonite. One of the plutonic blocks is a eucolite-bearing nepheline VOLUME 37 NUMBER 6 DECEMBER 1996 syenite (BD872), containing aegirine-augite, nepheline, K-feldspar and trace amounts of apatite and titanitc. The major and trace element data for both the natrocarbonatite and silicate samples, taken from Donaldson et al. (1987) and Simonetti et al. (19964) , are shown in Tables 1 and 2 . The aims of our study are to: (1) compare the Sr, Nd and Pb isotope compositions of the 1993 natrocarbonatite flows with those from the 1960 and 1988 eruptions, (2) evaluate the relationship of silicate minerals from the spheroids in the 1993 flows to the enclosing natrocarbonatite, (3) provide new Pb isotopic data from older, associated silicate lavas and blocks, (4) place additional constraints on rejecting the trona hypothesis as a way to provide the high NajO contents of the natrocarbonatites, and (5) explain the large variation in Nd, Pb and Sr isotope ratios, particularly for the silicate rocks from Oldoinyo Lengai.
ANALYTICAL METHODS
Analytical procedures for Nd and Sr are similar to those described by Bell & Blenkinsop (19876) . All of the whole-rock silicate samples (~50 mg) were dissolved using HNO3 and HF in sealed Savillex beakers for at least 24 h. The separation of silicate material from spheroid-bearing natrocarbonatite lava (OL-6) was achieved by acid leaching using cold 2 -5 N HC1. Carbonate-free clinopyroxene and garnet crystals were then hand-picked from the silicate residue and ultrasonically washed several times in ultrapure water. The pyroxene-garnet separate (~150 mg) was then subjected to sequential leachings of 2 h each using hot 2-5 N HC1. The grains were again washed with ultrapure water between successive leachings. The sequential leachings were carried out to ensure that all carbonate-held Sr was removed. Sample dissolution was identical to that used for the whole-rock silicate samples. Lead was separated from other elements in HBr and HC1 using a two-column anion ionexchange technique (Simonetti et al., 1995i) . No leaching was carried out on the whole-rock, silicate samples so that results from this study may be compared with those for nephelinites from Mount Elgon and Napak. A few samples of nephelinite from Napak, however, were leached (Simonetti & Bell, 1994a) and the data show that the isotope signatures for the whole rocks and associated leachates were similar (within analytical error). Neodymium and Sr were analysed using a double Re-filament technique, and all isotope ratios were measured (in static mode) using Finnigan-MAT 261 multicollector mass spectrometers at Carleton University, Ottawa, and the Max-Planck-Institut fur Chemie at Mainz. The Pb samples were run on a single Re filament using silica gel and phosphoric acid.
Nd-Sr-Pb isotope data

Nd-Sr isotope data
The new Nd and Sr isotopic data from the natrocarbonatites, listed in Table 3 and plotted in Fig. 2 , are extremely uniform, clustering close to the intersection of CHUR and bulk Earth on an Nd-Sr isotope plot, and similar to previously published data for the 1960 and 1988 flows (Keller & Krafft, 1990; Bell & Dawson, 1995a) . Despite the fact that the trace element geochemistry of natrocarbonatites differs significantly from that of all other carbonatites (Keller & Spettel, 1995; Simonetti et al., 1995a , their Nd and Sr isotope signatures correlate with isotope data from calciocarbonatites from other parts of East Africa. The new Nd and Sr isotope data fall close to the East African Carbonatite Line (EACL- Bell & Blenkinsop, 1987a) , a linear array that mimics the 'LoNd' array of Hart et al. (1986) . The data points which form the EAGL do not cluster into groups but form a continuum. Also shown in Fig. 2 are the data from Homa Bay, the most EMIlike end-member for the EACL. Nd and Sr isotope data from mantle xenoliths from cinder and tuff cones (Eledoi, Lashaine, Olmani, Pello Hill- Cohen et al., 1984; Rudnick et al., 1993) proximal to Oldoinyo Lengai and the field representing isotope ratios for carbonatite from the Canary Islands (Hoernle & Tilton, 1991) , a supposed-plume-related, 'oceanic' carbonatite, are shown for comparison in Fig. 3 . The large variation shown by the data includes analyses from a variety of mantle xenoliths, supposedly metasomatized by carbonatitic magmas (Rudnick et al., 1993) , and an amphibole-phlogopite vein from a spinel lherzolite (Cohen et al., 1984) . Most of the isotope data in Fig. 3 plot close to the EACL, and proximal to the HIMU end-member composition, including five analyses from three young (<40 Ma) Ugandan carbonatites, Bukusu, Napak and Sukulu (Bell & Blenkinsop, 1987a; Nelson et al., 1988; Simonetti & Bell, 1994a) .
Previously published Nd and Sr isotope data from the Oldoinyo Lengai silicate flows and plutonic blocks (Bell & Dawson, 1995a) , define a linear array in Fig. 2 with the nephelinites forming two distinct groups, one in the enriched quadrant corresponding to the wollastonite-bearing nephelinites (Group II) and the other (including three combeite-bearing lavas) in the depleted quadrant (Group I). The linear array defined by the data for the silicate flows, almost identical in slope to the EACL, does not s~' together with CANMETMGR-1 standard and flux wires. After a 7-day decay, the samples were counted for 2000 s on a high-purity Ge detector with 15% efficiency and a resolution of 1 -68 keV for the 1332 "Co photopeak. After a further decay of 24 h, the samples were re-counted. Four days after the first count the samples were recounted for 5000 s. All data were calculated by using the flux monitors with the standard present used solely as a check on accuracy. VOLUME 37 NUMBER 6 DECEMBER 1996 extend as far as the HIMU end-member. The Group I nephelinites have isotope ratios that overlap some of the plutonic rocks; mainly ijolite and all three combeite-bearing nephelinites belong to this depleted group. Relative to the EACL, most of the silicate rocks from Oldoinyo Lengai have higher 143 Nd/ 144 Nd ratios for a given 87 Sr/ 86 Sr ratio, but this divergence can be incorporated within the limits of the analytical uncertainty of the line (Bell & Dawson, 1995a) .
The new data from the 1993 natrocarbonatite flows do not fall on any of the extreme positions of 
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Nd and Sr isotope ratios normalized to 14 *Nd/ l44 Nd = 0-7219 and 8e Sr/ M Sr = 0-1194. NBS 987 standard is 0-710256 ±0-000014(^ = 34); La Jolla Nd standard is 0-511854±0-00001 (n=25); BCR-1 143 Nd/ 144 Nd is 0-51266 ± 000002. Uncertainties are given at the la level. Reproducibility of Pb ratios is 0-1 % at the 2a level. An average fractionation factor of 0-1 % per mass unit was applied to all measured ratios based on analyses of N BS 982.
the linear array (Fig. 2) and the uniform isotope ratios of the natrocarbonatites contrast markedly to the isotopic variability of the associated silicate lavas. This is unlike the isotopic data from Shombole, in which the carbonatites cover the complete range of Nd and Sr compositions similar to those of the associated nephelinites (Bell & Peterson, 1991) . Because of the variable Nd and Sr isotope compositions of the nephelinites, Bell & Dawson (1995a) considered that the isotopic signatures of the 1960 and 1988 carbonatites may be one of many that could have existed in carbonatite magmas throughout the eruptive history of Oldoinyo Lengai, particularly as at least four phases of carbonatitic activity have been documented for the volcano (Dawson, 1962) .
Pb isotope data
The new Pb data are listed in Tables 3 and 4 . Also included in Table 4 are the Nd and Sr isotope compositions for the same silicate samples taken from Bell & Dawson (1995a the slope for the data from Oldoinyo Lengai is 0110±0007 (2cr), which is similar to the oceanic regression line. In both of the Pb isotope ratio diagrams the data also fall sub-parallel to the Northern Hemisphere Reference Line as defined by Hart (1984) , and also fall close to the 'LoNd' array based on data from Walvis, San Felix, Comores, Northeast Seamounts, St Helena and Tubuai Pb ratios, and are closer to the isotopic composition of EMI rather than HIMU. In general, the silicate lavas are less radiogenic than the natrocarbonatites, especially the ratios from the phonolites and some of the ijolites (Figs 4 and 5) . In contrast to the two distinct groupings for the nephelinites based on the Nd and Sr isotope data, the Pb data are similar for both groups. Also shown for comparison in Figs 6 and 7 are data from mantle xenoliths from East Africa (Cohen et al., 1984) and for the Ugandan carbonatites (Nelson et al., 1988; Simonetti & Bell, 1994a by the data from Oldoinyo Lengai, excluding the phonolite analyses. The Pb data from Oldoinyo Lengai fall close to an array defined by other East African carbonatites (Grilnenfelder et al., 1986) , but are the least radiogenic, by far, of any that have been analysed from young carbonatites world-wide (< 200 Ma; Tilton & Bell, 1994) , with the one exception of the Jacupiranga carbonatite from Brazil (Huang et al., (Tatsumoto, 1978) , and was interpreted by Griinenfelder et al. (1986) to be the result of mixing of two mantle components, one a large ion lithophile element (LILE) depleted source and the other a metasomatic fluid with a high 206 Pb/ 204 Pb ratio. With the exception of one sample, previous Pb isotope data for older Oldonyo Lengai natrocarbonatites are similar to those reported here.
INTERPRETATION OF THE ISOTOPE DATA
Natrocarbonatite-the result of liquid immiscibility? silicate grains (a mixture of garnet and clinopyroxene) from spheroids within natrocarbonatite sample OL-6 from the Chaos Crags flow. The formation of these spheroid-bearing flows was attributed by Dawson et al. (1994 Dawson et al. ( , 1996 to the mingling of a nyerereite-gregoryite crystal mush (remnant of an older, fractionated carbonatite magma), and a newly formed, carbonatitic ijolitdc magma, which formed .immiscible silicate spheroids Canary Islands within the crystal mush. In contrast, Church & Jones (1995) considered these spheroids as conjugate silicate liquids formed by liquid immisdbility after extensive fractionation of a carbonate-rich silicate magma. The Nd (051266) and Sr (0-70438) .isotope ratios for the silicate minerals from spheroids are within analytical uncertainty of those from the host lava (OL-6), the Group I nephelinites, as well as the other 1993 natrocarbonatites (Fig. 8) . The Sr isotopic ratios of the leachates are marginally lower than the isotopic composition of the natrocarbonatites ( Table 1 ), suggesting that the leachable material is not in equilibrium with the host natrocarbonatite. The similar Nd and Sr isotopic ratios of the garnet-pyroxene separate and the natrocarbonatite may support the liquid immiscibility hypothesis, although the data do not rule out magma mixing as proposed by Dawson et al. (1994) , provided that the ijolitic magma had the same isotope composition as the natrocarbonatite lavas.
The question remains as to whether natrocarbonatites are primary or derivative melts. Based on the Nd-Sr-Pb isotopic data from Oldoinyo Lengai the conclusion might be drawn that natrocarbonatites are derived directly from a relatively undifFerentiated mantle source with Nd and Sr close to bulk Earth and CHUR. It is then possible to attribute the isotopic variations in the silicate melts from Oldoinyo Lengai to interaction between a primary natrocarbonatitic melt and an inhomogeneous mantle source made up of two isotopically distinct components. However, a further constraint imposed by the isotopic data is that the primary natrocarbonatite melt has also been generated by mixing the same two end-members because the natrocarbonatite data lie along the linear trend defined by the Nd and Sr isotopic data from the silicate rocks, and the EACL. A simpler model might involve the production of a series of silicate rocks using two mantle end-members, which under appropriate conditions of pressure and temperature can fractionate to generate a series of conjugate carbonatitic liquids. Previous attempts to model the petrogenesis of the silicate lavas from Oldoinyo Lengai invoked liquid immiscibility between natrocarbonatite and peralkaline nephelinites such as wollastonite nephelinites or combeitc nephelinites (Kjarsgaard & Hamilton, 1989; Peterson, 1989a, 19894; Keller & Krafft, 1990; Kjarsgaard et al., 1995; Dawson et al., 1996) . Bell & Dawson (1995a) , in their earlier work on the silicate lavas, divided the nephelinites into two groups, a more depleted group that has Nd and Sr isotope ratios close to undifferentiated mantle (Group I), and a second group (Group II) that has Nd-Sr isotope compositions much closer to EMI. The Group I nephelinites contain all of the combeite nephelinite samples, and are isotopically similar in Sr and Nd to all of the natrocarbonatites so far measured from Oldoinyo Lengai. Although not equivocal, this is certainly consistent with a genetic relationship between peralkaline lavas and natrocarbonatite, including models that involve immiscible separation. Although there are differences in A1 2 O3, CaO, SiC>2 and FeO contents between the two groups, their highly fractionated nature (low Cr, Ni and Mg contents) makes it difficult to use the chemical characteristics of the nephelinites to identify their mantle sources.
Natrocarbonatite-the role of trona
During an evaluation of the trona model of Milton (1968 Milton ( , 1989 , in which trona (Na2CO3.NaHCO3.2H2O), an evaporite found in some of the lakes within the Rift Valley system and in Lake Magadi, which lies close to Oldoinyo Lengai, is either remobilized or taken into solution and a sodium carbonate exsolved, Bell & Dawson (19954) argued that it seemed unnecessary to increase the Na content of a silicate melt by involving trona because nephelinitic melts are already rich in alkalis. In addition, they pointed out that the Sr, Nd, C and O isotope compositions of the natrocarbonatites are consistent with a mantle origin, and that marked differences do exist between the 5 C and S O values of natrocarbonatite and trona. Concern, however, was expressed by Bell & Dawson (19954) that the isotopic ratios of the natrocarbonatites could be dominated by the isotopic signatures of the silicate melt, particularly if most of the Sr and Nd from the silicate melt were partitioned into the carbonatitic liquid during exsolution. This assumes that natrocarbonatites are formed by immiscible separation from a carbonated, peralkaline, silicate magma.
The Nd, Pb and Sr isotope compositions of two trona samples (BD1527, BD1533) are given in Table  3 and some of the data are shown in Figs 2, 4 and 5. Sample BD1527, from Lake Natron, is composed of 80% NaCl and 20% trona, whereas sample BD1533, from Lake Magadi, consists of 100% trona (Bell et al., 1973) . Compared with the Nd and Sr isotope data for the natrocarbonatites (Fig. 2) (Milton, 1968) could not produce the more radiogenic Pb isotope values of the natrocarbonatites. These new data support the previous conclusions of Bell & Dawson (19954) against the involvement of trona in the genesis of natrocarbonatite.
Silicate rocks and discrete partial melting
Based on available Nd and Sr data, Bell & Dawson (1995a) concluded that at least two mantle source components (HIMU and EMI) contributed to the formation of the silicate melts, and this is supported by the new Pb data for the silicate rocks from Oldoinyo Lengai presented here. The silicate rocks cannot be the products of simple differentiation from a single parent melt under closed-system conditions, or by mixing between a primary natrocarbonatite melt and a single mantle source. The fact that the isotope ratios are dissimilar but mostly coherent (i.e. lie along the same regression line) is consistent with the model of Bell & Dawson (1995a) involving generation of discrete, small-volume, mantle melts by the mixing of the same two end-members with HIMU and EMI isotope compositions. Isotopic data and major element variations of diopside phenocrysts from primitive nephelinite lavas (m£-number>0-65) from other East African volcanic centres such as VOLUME 37 NUMBER 6 DECEMBER 1996
Napak (Simonetti & Bell, 1994a; Simonctti et al., 1996a) and Mount Elgon (Simonetti & Bell, 1995) , led to similar conclusions involving the mixing of isotopically distinct mantle-derived melts. On the basis of the limited data set it seems unlikely that upper-crustal material was involved in the derivation of the phonolites, as no clear trends emerged in plots of isotope ratios or elemental abundances such as K, Si and Al. In plots of "Sr/^Sr vs 206 Pb/ 2(H Pb (Fig. 9) , and U3 Nd/ 144 Nd vs 2( *Tb/ 204 Pb (Fig. 10) the data from the silicate rocks show scatter, requiring an additional component to HIMU and EMI to explain the distribution of the data. Donaldson et al. (1987) concluded that the ncphelinites and phonolites could not be related by crystal fractionation of the phenocryst phases, and argued that some other process such as palagonitizatdon or selective interaction with wall rock must have been involved. Variation in isotopic compositions of phonolites from Shombole volcano, 80 km north of Oldoinyo Lengai, was attributed to interaction between the magmas and lower-crustal granulites (Bell & Peterson, 1991) . Similar interpretations were also made by Schleicher et al. (1990) to explain the isotope compositions of phonolites associated with the Kaiserstuhl carbonatite, Germany, and by Simonetti & Bell (19946) for nepheline syenites from the Chilwa Island carbonatite complex, Malawi. Two significant observations that emerge from the Pb-Pb isotope ratio diagrams (Figs 4 and 5) are: (1) none of the data plot to the right of the natrocarbonatite analyses, and (2) most ratios approximate a linear array similar to the oceanic regression line. Mixing between lower-crustal granulites and a silicate melt would be difficult to detect in Nd vs Sr isotope ratio plots (Fig. 2) given that the high abundances of Nd and Sr commonly observed in alkaline silicate rocks would buffer their initial isotope ratios inherited from the mantle source. Lower-crustal contamination is also difficult to distinguish from lithospheric mantle contamination on the basis of Pb isotopes given that granulites (e.g. Lashaine tuff" cone, Cohen et al., 1984) are similar in isotopic composition to the EMI mantle component. Of the silicate rocks from Oldoinyo Lengai, the greatest scatter of data is shown by the ijolites and phonolites (see Figs 4, 5, 9 and 10), a feature reported for other carbonatitealkalic complexes (e.g. Shombole, Bell & Peterson, 1991; Ivaara, Kramm, 1994; Napak, Simonetti & Bell, 1994a) . Bell & Peterson (1991) attributed the displacement to lower 143 Nd/ '^d ratios for the phonolites from Shombole to interaction with lowercrustal granulites, a mechanism which might have happened at Oldoinyo Lengai. An alternative explanation to contamination by lower-crustal granulites might be the involvement of yet a third mantle component. One possibility might be PREMA (prevalent mantle, Zindler & Hart, 1986 ) and the other might be DMM (depleted MORB mantle), both of which are consistent with the distribution of most of the data points shown in Figs 4, 5, 9 and 10). Stein & Hoffmann (1994) have proposed that plume heads represent an average isotopic composition of the plume source plus material entrained from the overlying mantle and that their composition may be close to that of the mean mantle, i.e. PREMA. On the other hand, basaltic lavas in the Huri Hills in northern Kenya suggest the involvement of a possible DMM component (Class etal., 1994) .
EAST AFRICAN CARBONATITES-INTERACTION BETWEEN A HIMU PLUME AND LITHOSPHERE
The role of mantle plumes in carbonatite genesis, both direct and indirect, has been previously proposed, e.g. for the Cape Verdes (Gerlach et al., 1988) , the Canary Islands (Hoernle & Tilton, 1991) , Brazil (Toyoda et al., 1994; Huang et al., 1995) and India (Simonetti et al., 1995A) . HIMU signatures have been attributed to plume activity by Gerlach et al. (1988) , Hoernle & Tilton (1991) and Wilson etal. (1995) . Plume activity is also supported by the spatial relationship of some carbonatites to flood basalts, including those in India associated with Deccan volcanism, those in Brazil associated with Parana volcanism, and those in Canada associated with Keeweenawan volcanism. Several problems arise, however, in relating carbonatite-alkaline complexes directly to plumes. The first involves the absence of carbonatites in truly oceanic environments (although carbonatites have been reported from the Cape Verde and Canary Islands, some of these islands are in transition zones between oceanic and continental crust and are therefore not truly oceanic). The depth of generation of carbonatite and associated nephelinite parental melts is a second, more serious problem, because phase equilibria evidence suggests that primary magmas associated with typical carbonatites are nephelinitic or melilititic in composition, probably representing derivation or segregation at 20-30 kbar pressures consistent with lithospheric depths within the mantle (Brey & Green, 1975 , 1977 Eggler, 1974 Eggler, , 1978 Eggler, , 1989 ; see also review by Edgar, 1987) . Carbonatite melts with Na as the dominant alkali are also in equilibrium with phlogopite lherzolite at ~25 kbar (Sweeney et al., 1995) . Such experimental work is consistent with the restriction of most carbonatites to continental areas, although CC>2-rich melts might play a role in producing variations in major and trace element data from oceanic island lavas (Hemond et al., 1994) . Yet another problem is the repetition of carbonatitic activity over thousands of millions of years (Woolley, 1989) in certain areas such as south and west Greenland, and the Kapuskasing Structural Zone, Canada. In the Cape Verdes, magmas derived from sources with HIMU signatures are enriched in incompatible trace elements, and are both very alkaline and silicaundersaturated, features attributed to small degrees of partial melting at the plume margins under conditions dominated by CO 2 (Gerlach et al., 1988) . Elsewhere, Pb and Sr isotopic signatures of some carbonatites from Brazil are similar to EMI, and such a signature has been attributed either directly to an EM plume such as the Tristan da Cunha hotspot, or to derivation from enriched subcontinental lithospheric mantle (Toyoda et al., 1994) .
The isotopic variations shown in oceanic basalts led Zindler & Hart (1986) to propose five endmember components-DMM, HIMU, EMI, EMU and PREMA. HIMU has been interpreted as (1) ancient altered, subducted oceanic crust (Chase, 1981; White & Hofmann, 1982) , (2) mixtures of subducted oceanic crust plus sediment (Chauvel et al., 1992) , (3) mantle that has lost Pb to the core (Vollmer, 1977) , and (4) metasomatized mantle, either where fluid has removed elements from the mantle (Zindler & Hart, 1986) , or where CO 2 -rich fluids have enriched the mantle in U and Rb, and to a lesser extent in REE (Nakumura & Tatsumoto, 1988) . Interpretations of EMI signatures involve: (1) recycled lower continental crust or lithosphere (Hawkesworth et al., 1984; Nakumura & Tatsumoto, 1988; Gerlach et al., 1988; Menzies, 1989) , (2) mantle metasomatized by CCvrich fluids with low U/Pb and high Rb/Sr ratios (Zindler & Hart, 1986) , and (3) mixtures of HIMU and ancient pelagic sediments (Weaver, 1991) .
Initially, Hart etal. (1986) sited HIMU and EMI in the sub-continental lithosphere and argued that HIMU must be the result of metasomatic activity, with HIMU and EMI being complementary parts of the same metasomatic process. On the basis of Nd and Sr isotope ratios from metasomatized (pargasitebearing) lherzolite nodules and host basanite lavas from the Ataq diatreme (Yemen), Menzies & Murthy (1980a) proposed that the pre-metasomatic, sub-continental mantle source for the basanite lavas contained an enriched isotopic composition ( 87 Sr/ 86 Sr = 0-705-0-706 and 143 Nd/ 144 Nd = 0-51240-0-51260) similar to that for the EMI mantle component and to those reported from mantle xenoliths VOLUME 37 NUMBER 6 DECEMBER 1996 from kimberlites (Menzies & Murthy, 19806) . In addition, Hawkesworth et al. (1986) suggested that the Dupal signature in the South Atlantic (Walvis Ridge, Tristan da Cunha) originated in the subcontinental lithosphere that was thermally remobilized and metasomatized before the breakup of Gondwana.
If EMI is a slightly modified bulk Earth component it clearly needs to be stored out of the uppermantle circulation for a long period of time (Hart, 1988) . On the basis of the isotope systematics of carbonatites we suggest that a principal storage area for EMI might be the sub-continental lithosphere. On the basis of geochemical data for NeogeneQuaternary primitive alkali basalts, and basanites from the Ross Sea Rift, Antarctica, Rochell et al. (1995) suggested a stratified mantle below the Ross Sea Rift in the order (from deep to shallow): MORB, HIMU, and EMI sources. Rochell et al. (1995) have further suggested that the EMI reservoir resides in the mantle lithosphere, and that the HIMU-type component may be related to an active plume head, or may represent part of a 'fossilized' mantle plume attached to the base of the lithosphere beneath the Ross Sea area. To explain the large isotopic variation shown by Oldoinyo Lengai and other East African carbonatites we propose a model that involves mixing between two mantle components, one related to plume activity with a HIMU signature, and the other sub-continental lithosphere with isotopic characteristics close to EMI.
Although it is perhaps impossible to recognize plumes solely on the basis of geochemical characteristics, the geophysical evidence and magma types for mantle upwelling in East Africa are convincing. Evidence in favour of plume-driven rifting from the Kenya rift segment includes the long-wavelength gravity and topographic anomalies, the volume of eruptive rocks, the relative timing of rifting and magmatism, the distribution of physical anomalies, and the pattern of tectonomagmatic evolution of the rift (Macdonald et al., 1994) . Additional evidence for mantle upwelling in the Gregory Rift includes voluminous outpourings of plateau phonolites (25 000-50000 km ), three-dimensional geophysical data (Henry et al., 1990; Davis, 1991; Green et al., 1991) , crustal uplift (Kenya Dome), and a marked zonal arrangement of alkaline rocks (kimberlite diatremes, carbonatitic complexes and alkali basaltic centres; Le Bas, 1989) . Figure 11 shows the approximate surface expression of the Kenya Dome, an area undergoing crustal uplift (Smith, 1994) . Oldoinyo Lengai, along with Shombole, lies close to the southernmost limit of the Kenya Dome. It is interesting to note that the carbonatite-nephelinite centres lie at the margins of the dome, whereas the basalt-phonolite centres lie within the central area.
On the basis of this evidence, deep mantle upwellings or major convective overturns can be linked to continental rifting and alkaline magmatic activity (Smith, 1994) . High-pressure experiments have shown that alkaline melts, such as nephelinites and alkali basalts, are not in equilibrium with an anhydrous lherzolitic mantle source (Bultitude & Green, 1968 , 1971 Merrill & Wyllie, 1975; Allen et al., 1975) but can be derived from an amphibole peridotite at 20-25 kbar (e.g. Olafsson & Eggler, 1983; Eggler, 1989) or volatile-bearing (CO2-dominated) mantle at ~30 kbar pressure (Eggler, 1974 (Eggler, , 1978 (Eggler, , 1989 Brey & Green, 1975 , 1977 Edgar, 1987; Wyllie, 1989) . A volatile-rich mantle, therefore, is considered important in deriving nephelinitic and associated carbonatitic melts.
We consider, therefore, the derivation of nephelinitic and carbonatitic melts from East Africa to be a two-stage process, the first involving generation of fluids or melts with HIMU signatures derived from an upwelling mantle (thermal cell or plume, Fig.  12) . Metasomatism of the sub-continental lithosphere below East Africa, therefore, can be attributed to plume activity, involving release of volatiles and/or melts from the plume. The second stage of our model involves low-degree partial melting of the metasomatized sub-continental lithosphere, an event that probably occurs soon after metasomatism of the lithosphere. Incorporation of volatiles and melts into the EMI-like lithosphere, with concomitant lowering of the mantle solidus, is followed by low degrees of partial melting that can then generate either carbonated silicate melts (which can form conjugate silicate and carbonatite liquids via liquid immiscibility), or primary carbonatite magmas. Such melts would contain variable proportions of the HIMU and EMI components, and perhaps additional material from the upwelling plume (PREMA? or DMM?). Wilson et al. (1995) GREGORY RIFT have also argued that low-degree, CO2-H2O-enriched partial melts from an ascending mantle plume may freeze at the base of the lithosphere creating a heterogeneous carbonate-phlogopitelherzolite layer. The timing of the metasomatism from the plume relative to the production of carbonatite-nephelinite melts from the lithosphere still remains uncertain. On the basis of U/Pb ages of accessory minerals from metasomatized mantle xenoliths in kimberlites (Kinny & Dawson, 1992) and initial 143 Nd/ 144 Nd ratios from carbonatites of different age from Canada (Bell & Blenkinsop, 1987A) , it appears that metasomatic activity can be contemporaneous with melt formation. We suggest, therefore, that derivation of young (< 30 Ma) East African carbonatites can be attributed to recent plume-mantle interaction, as also proposed by Smith (1994) . An alternative explanation is to suggest that the isotopic variation shown by the East African carbonatites can be attributed to a heterogeneous plume source containing both HIMU and EMI mantle signatures. We view this latter model, however, as an ad hoc explanation which would remain difficult to prove or disprove.
The considerable range and linear array of isotopic compositions for East African carbonatites have been previously attributed to mixing between mantle and metasomatic veins by Meen et al. (1989) , but in their model a depicted mantle is invaded by metasomatic incursions of alkaline silicate melts with low U/Pb, Th/Pb and Sm/Nd ratios, significantly lower than bulk Earth, and with Rb/Sr ratios similar to bulk Earth, the reverse of what we propose here.
Chemical and isotopic data from mantle xenoliths and basaltic lavas from East Africa are consistent with a plume-lithosphere interaction model. Isotopic data for mantle xenoliths from the nearby tuff and cinder cones of Eledoi, Lashaine, Pello Hill (Cohen et al., 1984) and Olmani (Rudnick et al., 1993) , shown in Fig. 3 , approximate the EACL. One xenolith documented by Bell & Dawson (1995a) from Oldoinyo Lengai (not shown in Fig. 3) , a nepheline-veined mica pyroxenite, is exceptional in terms of its "Sr/^Sr (0-7086) and u %d/ 144 Nd (0-51174) ratios. These high ratios may simply reflect an earlier period of metasomatic activity that affected the lithosphere. The peridotite xenoliths from Olmani are considered to be the result of interaction between depleted peridotite and carbonatitic melts (Rudnick et al., 1993) , and those from Eledoi and Pello Hill appear to be non-equilibrium mineral assemblages (Cohen et al., 1984) . Although the database is not large, these xenoliths could be samples of relic metasomatized lithosphere capable, on melting, of generating the parental melts for car-VOLUME 37 NUMBER 6 DECEMBER 1996
bonatites. The covariation between Nd, Pb and Sr isotope compositions and certain trace element ratios (e.g. Ba/Th, K/La, Sr/Nd) for Pliocene-Quaternary basaltic lavas from the nearby Huri Hills in northern Kenya, have been attributed to binary mixing between a plume with HIMU affinities and either lithospheric mantle or a second plume component (Class et al., 1994) . Compared with the Nd and Sr isotopic data from other African carbonatites, which contain more HIMU-like signatures (e.g. Bukusu, Napak, Tororo, and Sukulu), those from Oldoinyo Lengai lie closer to EMI, probably reflecting a greater lithospheric component. The greater interaction with lithospheric mantle may be attributed to the location of Oldoinyo Lengai above a zone of thicker lithosphere relative to that found beneath the Kenya Dome, which is supported by seismic data obtained from a north-south axial profile (KRISP 90 line; Mechie et al., 1994) . The results show that lithospheric thicknesses range from 20 km in the north (beneath Lake Turkana) to 35 km in the south (beneath Lake Naivasha, Fig. 11 ).
Our proposed model may have some broader implications. Isotopic data from young (<0-2 Ga) carbonatites from five continents closely fit a model corresponding to the mixing of EMI and HIMU mantle components (Tilton & Bell, 1994 ). If we assume that the HIMU signatures are associated with fluids or melts generated by large-scale mantle perturbations, such as major convective overturns and plume activity, then the excellent correlation between the temporal distribution of carbonatites and major orogenic cycles for the past 3-0 billion years (Woolley & Kempe, 1989; Veizer et al., 1993) adds support to our interpretation.
CONCLUSIONS
In all of the isotope ratio diagrams, the natrocarbonatite data fall close to or on a straight line that joins estimates of the isotopic compositions of HIMU and, EMI (Hart, 1988) . The Nd, Pb and Sr isotope compositions of the I960, 1988 and 1993 natrocarbonatites are extremely uniform. Their clustering close to present-day values for bulk Earth and CHUR requires mixing of the same two end-members in roughly the same proportions. That the Sr and Nd isotope ratios from other East African carbonatites are also consistent with HIMU and EMI mixing illustrates that both components are contiguous and underlie a large segment of East Africa.
In our preferred model, the Nd, Pb and Sr isotope variation defined by young (<30 Ma) East African carbonatites may be attributed to interaction between a HIMU-like 'plume (thermal cell)' and EMI-like lithosphere. Evidence for mantle upwelling in the Gregory Rift includes voluminous outpourings of plateau phonolites, three-dimensional geophysical data, a marked zonal arrangement of alkaline rocks, and crustal uplift (Kenya Dome). Oldoinyo Lengai lies close to the southern margin of the present-day location of the mantle upwelling, which is situated beneath the surface expression of the Kenya Dome. Volatiles and/or melts from a HIMU-like plume metasomatize the overlying lithosphere and provide a mechanism for generating nephelinitic and associated carbonatitic melts at pressures of 20-30 kbar. In spite of the limited database, the isotope and chemical data for carbonatite-metasomatized mantle xenoliths from nearby tuff and cinder cones (Tanzania) are consistent with plume (HIMU)-lithosphere (EMI) interaction.
Complex histories for the associated silicate magmas from Oldoinyo Lengai are evident from the Pb isotope signatures. Not only are these silicate rocks the product of discrete partial melting events with variable HIMU-EMI contributions, but most ijolites and phonolites have isotope ratios that require an additional component, such as lowercrustal granulites, PREMA or DMM, to be involved in their origin.
